The Ba + HF (v = 0) ---+ BaF + H reaction has been studied as a function of relative collision energy (3)(4)(5)(6)(7)(8)(9)(10)(11)(12) (13) kcaVmole) using a crossed beam geometry in which a seeded HF beam intersects a thermal Ba beam. The vibrational and rotational distributions of the BaF product are determined from computer simulations of its excitation spectrum. The reaction cross section is found to have a low threshold (-1 kcaVmole). With increasing collision energy the cross section increases to a maximum in the range of 6-8 kcal/mole. An upper bound of 15 A2 is placed on the absolute value of the reaction cross section. The fraction f' of energy appearing in translation, rotation, or vibration of the products is roughly constant over the range of collision energies studied with nearly half going into product translation and the remainder being divided nearly equally between product rotation and vibration. However, while <f'rot> increases slowly with collision energy, <f'v;b> first rises then falls and <f'trans> first falls then rises, the crossover occuring at collision energies for which the reaction cross section reaches its maximum. The fractional energy disposal in the different product modes is qualitatively consistent with the calculations of phase space theory, but the detailed behavior cannot be matched. However, the product rotational distribution observed for each vibrational level agrees closely with the predictions of this model, which is a consequence of the kinematic constraint for the mass combination. The Ba + HF reaction as a function of collision energy shows both similarities and differences with the corresponding studies for Ba + Hel and Ba + HBr. Possible explanations for this contrasting behavior are presented.
I. INTRODUCTION
The quest for an understanding of those forces controlling the making and breaking of chemical bonds continues to motivate the study of elementary reaction dynamics. 1 We report here a crossed molecular beam experiment on the reaction Ba+HF-BaF+H, Ml 0 = -4. 4 kcal/mole , (1) in which the internal state distribution of the BaF product is monitored by laser-induced fluorescence as a function of the reagent collision energy. Previously the Ba+HF reaction has been studied under thermal conditions 2 and with thermal HF excited to its first vibrationallevel, HF(v =1) .3 In this study we explore how the state-to-state dynamiCS and the reaction cross section depend on reagent translational energy when HF(v =0) is seeded in a nozzle expansion.
While molecular beam methods have been employed to determine total reaction cross sections, product translational energy, and angular distribUtions for a number of neutral-neutral reactions, * the measurement of product internal state distributions as a function of collision energy is in its infancy. In general, the latter requires a combination of spectroscopic and single collision techniques. Infrared chemiluminescence 6 and chemical laser gain 7 measurements have provided a wealth of information on the internal energy distributions of hydrogen halide products of exothermic reactions, often as a function of reagent temperature from which the role of translational energy can be inferred. More precise control of collision energy may be obtained using molecular beam techniques in which the product alpresent address: Department of Chemistry, University of Rochester, River station, Rochester, New York, 14627. state distribution is observed in visible chemiluminescence. 9 -11 Here a limited range of collision energies may be obtained using thermal beams 9 or a more extended range of collision energies may be covered using nozzle expansion techniques. lO ,11 We have employed the latter to vary the center of mass translational energy in the reaction Ba +HF(v =0) over the range 3-13 kcal/ mole.
We find that there is a small threshold energy for reaction. As the collision energy is increased beyond threshold, the total cross section for the Ba+HF(v=O) reaction first rises then falls. Moreover, with increasing collision energy the product internal energy distribution spreads to higher vibrational and rotational states. The peak of the vibrational distribution first moves to higher vibrational levels and then returns to v =0, while at the same time the total cross section passes through a maximum. We are presently unable to explain the details of the vibrational distribution, but the rotational distribution follows closely what is expected kinematically for this mass combination. Moreover, the fractional energy appearing in translation, rotation, and vibration agrees qualitatively with the predictions of phase space theory.
II. EXPERIMENTAL
A schematic diagram of the apparatus is shown in Fig.  L The apparatus, which was described previously, 12 has been modified to study Reaction (1) under crossed beam conditions. The present arrangement allows the relative collision energy to be varied over a wide range (3-13 kcal/mole) by seeding the HF beam. The BaF products are detected by their characteristic excitation spectrum using a tunable pulsed dye laser as a probe. 
A. Crossed molecular beam apparatus
The present vacuum system has two chambers; a source chamber for the seeded HF beam, and a scattering chamber which also houses the effusive Ba source. The HF source chamber is evacuated by two 6 in. diffusion pumps and the scattering chamber by a single water-baffled 6 in. diffusion pump. A liquid-nitrogencooled shield in front of the barium oven cyropumps the hydrogen fluoride and it also prevents the photomultiplier tube from viewing black-body radiation from the Ba oven. The HF and Ba beams intersect at an angle of 135 0 rather than 90 0 because of the geometric constraints of the existing apparatus. The crossing region is located directly over a photomultiplier tube and is probed by a dye laser beam propagating at right angles to the HF beam.
The HF beam is formed in supersonic nozzle of diameter 0.005 in. A mixture of HF in a light carrier gas (He or Hz) is delivered to the nozzle. The HF (Matheson, 99.9%) is purified before use. The gas cylinder is placed in a dry ice acetone slush and pumped on for a few minutes to remove SiF4 and other volatile contaminants. The hydrogen (Liquid Carbonic, 99.9%) and the helium (Liquid Carbonic, 99.995%) are used without further purification. For achieving higher translational energies, the HF source, which is a 0.375 in. monel tube, may be heated to 550 OK. The temperature of the HF source is recorded using a chromel-alumel thermocouple. The pressure of HF is held fixed while the pressure of the seeding gas is varied over the range 0 to 200 Torr. The HF beam passes through a 5 x 14 mm slit located 22 mm from the nozzle. The scattering center is located 5 cm from the collimating slit. The half angle of the beam divergence is thus 18°. The Ba beam emanates from an oven placed in the scattering chamber itself. The Ba metal (Atomergic Chemmetals, 99.5%), is contained in a stainless steel crucible with a 1 mm orifice, which is surrounded by a tantalum tube. An alternating current (200-400 A) passes through this tube, indirectly heating the crucible by radiation. This assembly is surrounded in turn by a water-cooled copper jacket. The cold shield at 77 OK around the oven has a 6 x 18 mm slit at a distance of 4 cm from the crUCible orifice. Thus, the half angle of the Ba beam is 13 0. This collimating slit is 4 cm from the scattering center. The metal atom oven temperature is measured with an optical pyrometer. It should be noted that the larger dimension of both collimating slits is in the plane of the probe laser beam in order to maximize the signal intensity.
B. Detection system
The detection system is similar to what has been used previously in this laboratory. lZ A pulsed nitrogen laser (Molectron UV24) pumps a tunable dye laser (Molectron DL14P) to produce the probe beam. The BaF products are detected by exciting fluorescence in the c Z n 1/ZXZz:+ band system near 500 nm. For this purpose the molectron dye C500 (fluorinated coumarin) in ethanol (lO-ZM) is used. The typical bandwidth is 0.04 nm. The pulse-to-pulse amplitude stability is better than 5% at a repetition rate of 15 Hz. The dye laser enters and exits the scattering chamber through baffle arms (0.6 m long) to minimize the scattered light. The dye laser is used without the amplifier to avoid saturation.
A photomultiplier tube (RCA 7265, 2 in. diameter, S20 photocathode), placed perpendicular to the scattering plane and to the laser beam at a distance of 6.5 cm, observes the fluorescence. A boxcar integrator (PAR model 162) averages the photomultiplier signal. The opening of the gate is almost simultaneous with the firing of the dye laser. The gate width is set at about 30 nsec, which corresponds to about twice the radiative lifetime.
C. Collision energy
Since the HF is seeded in an excess of the lighter carrier gas (Hz or He), it is accelerated to velocities higher than those attained from a thermal effusive source. 13 In the limit of high pressures, the HF and the carrier gas approach the same velocity and the velocity distribution sharply narrows to a single value v, given by the expression
where T lIOzzle is the nozzle temperature, (Cp)m.an is the mean molar heat capacity, and M m • an is the mean molecular weight of the expansion mixture. 13 In the present work it is assumed that neither HF nor Hz experiences any rotational relaxation in the mild expansion conditions used. Neither of the gases has substantial population in vibrationally excited states at the nozzle temperatures employed. (For HF the fraction in v = 1 at 500 OK is 7x 10-6). With these considerations, Eq. (2) reduces to 
where R is the gas constant. The HF beam energies calculated from Eq. (3) agree well with the average HF beam energies obtained from the time of flight experiments described in Appendix A. This result, indicating a lack of substantial rotational relaxation, is not surpriSing since both HF and Hz have extremely large rotational spacings. Hydrogen is used as the carrier gas in some experiments rather than helium since it is lighter and thus allows the attainment of higher beam energies.
Being the lighter collision partner, the fast HF predominantly controls the collision energy. The distribution of collision energies between Ba and HF has some breadth about the average collision energy for a number of reasons: (i) The nozzle expansion conditions are mild, yielding a finite Mach number, i. e., a distribution of velOCities about the average velocity calculated from Eq. (3). The average Mach number, obtained from the time of flight experiments, is ~ =4.2, but this is likely to be an underestimate because of the experimental factors described in Appendix A. (ii) There is a distribution of Ba velocities from the effUSive oven operated near 1200 oK. (iii) Because of the substantial angular divergence of the two beams, there is a distribution of collision angles in the lab frame. The convolutions necessary to obtain a distribution of collision energies were carried out numerically and are described in Appendix B. We list in Table I , the experimental conditions and the average collision energies attained for eight different experiments performed. These eight are representative of a large number of experimental runs done on different days.
D.t/iF beam flux
In order to measure the reaction cross section as a function of collision energy, it is necessary to know the HF beam intenSity as the seeding ratio is varied. For this purpose the HF beam flux is sampled at the crossing region with a quadrupole mass spectrometer (UTI Model 100B). The mass spectrometer is differentially pumped by a 2 in. diffusion pump. Figure 2 shows the measured HF beam flux as a function of the mole fraction of carrier gas for different experimental conditions. As the fraction of carrier gas increases, the HF beam intensity also increases because of Mach number focusing, 14 in which the heavier species are concentrated in the central portion of the beam. At high concentrations of carrier gas the beam intensity decreases again due to scattering both in the source chamber and to a lesser extent in the scattering chamber.
The role of HF dimers was investigated but found not to contribute to the observed BaF signal. The same relative collision energy can be obtained in two ways: (i) by using a low temperature (300 OK) and a large fraction of carrier gas; and (ii) by using a high temperature (500 OK) and a small fraction of carrier gas. Although the first condition favors dimer formation compared to the second condition, we found no measurable difference in the observed product internal state distribution. 15 This result may not be surprising since the 6 kcal/mole binding energy15 of the HF dimer may inhibit reaction with Ba. )] is striking. While the low energy spectrum is similar to that obtained previously in a thermal beamgas arrangement, Z the high energy spectrum shows the appearance of new features.
III. RESU L TS

A. Energy disposal in products
To understand the nature of the BaF cZn _XzL,+ excitation spectra, it is necessary to review briefly the formation of band heads. 16 A zn_zL,+ band system has a total of 12 branches, six belonging to each subsystem, zn 1 / Z _ z L,+ and zn3/2-ZL,+. Spin-orbit interaction splits the zn 1 / Z and zn 3 / Z states. For the BaF C state, the spin-orbit constant (A = 195.6 cm-1 ) is large and thus the two subsystems are well separated. The line positions of each branch may be represented to good approximation by a quadratic polynomial in the rotational quantum number J. If the coefficient of the term linear in J has a sign opposite to the coefficient of the term quadratic in J, then with increasing J the line positions approach a limiting value, the band head, and then turn back upon themselves. This causes the intensity to fall abruptly at the turning point but to decrease more gradually in the other direction. For the BaF c Z n 1 / Z -XZL,+ subsystem, the effective rotational constanf of the upper state B!~~ is less than the rotational constant of the lower state B" • This causes bandheads to appear in three of the six branches, the Q 1 and R12 branches at almost the same frequency and value of J,
and in the Rl branch at higher frequency and at a value of J three times that of the Q1 +R1Z head, i. e.,
The rotational constants depend on the vibrational level. However, for the (0,0) band of the CZII1/z-XzL,+ transition, J~e1~R1Z"'37andJ:;ad"'110.17 Thus, ahead in the R1 branch will only appear if high rotational levels are populated .
The BaF C-X system behaves like the other visible band systems of the alkaline earth monohalides, namely, almost all the intensity appears in the Av =0 sequence for low values of the vibrational quantum number v.
This allows us to identify directly the (0, 0), (1, 1), (2, 2), ••• band heads of the Q 1 +R12 branches, as indicated in Fig. 3 . Moreover, because the Franck-Condon factors of these bands are nearly unity, the relative vibrational populations may be roughly estimated at a glance. Hence, we conclude from To make quantitative estimates of the product internal state distribution, a computer program was written to simulate the observed excitation spectra. The program, based on previous work by Karny, Estler, and Zare, 18 calculates the line positions for the six branches of ~ach band using the spectroscopic constants given in Table II by means of standard formulas. 16 As input one estimates the relative vibrational and rotational populations. The latter are assumed to have the form 
which gives a linear rotational surprisal. 20 Here N v is a normalization factor, pO (J Iv) is the "prior" distribution which reflects the density of states without angular momentum constraints, Iv andl R are the fractions of the total energl 1 as vibration and rotation in the product (v, J) level, and 6~ is an adjustable parameter. Each line is weighted not only by the population of the initial (v, J) level but also by the Franck-Condon facto~2 and the rotational line strength 23 of the pump transition. At each frequency, the program convolutes each line with the laser bandwidth to produce a simulated spectrum. The bandwidth is assumed to be of the form of a Gaussian having a full width at half maximum of 0.04 nm. Because the laser intenSity is observed to be constant over the range of the spectrum, no correction is made for its variation with wavelength.
The Simulated spectrum is compared visually to the observed spectrum and new estimates are made of the vibrational populations and the rotational parameters 6'k. This procedure is iterated typically four to six times to achieve a good fit. The dashed curve in Fig.  4 is a simulated excitation spectrum obtained in this manner. Table III lists the values of the relative vibrational cross section u(v) and the rotational parameter 6 ~ , found by computer simulation for eight different experimental conditions. Also shown in Table III are the average energies into product vibration (E~ib) and product rotation (E:"t >, calculated from the values of u(v) and 6~. The average energy in product translation (E ~rans > is found by difference from the total energy available to the products (E~t>. The latter is the sum of the reaction exothermicity21 -All 0 = 4.4 ± 1. 6 kcal/ mole, and the reagent translational and internal energies (Table I ). Fig. 5(a) ], peaks at higher vibrational levels at intermediate collision energies [Fig. 5(b) ], and peaks once again at v =0 for the highest collision energies we studied [ Fig. 5(c) ]. Note that as the collision energy increases, the breadth of the Vibrational distribution also increases, extending to or nearly to the highest vibrational level energetically accessible (marked by arrows in Fig. 5 ).
Table IV presents the average rotational energy in each vibrational level for the different collision energies studied. These are computed from Eq. (6) using the values of 6~ given in Table III . In many cases the parameters 6 ~ are set equal to one another beyond some value of v. For the lower vibrational levels, the average rotational energy is approximately constant, but decreases monotonically for higher vibrational levels. While the average rotational energies are determined more accurately for the lower vibrational levels where the Rl band heads are observed, those for the higher vibrational levels become increaSingly constrained by the total energy available to the products. HF(v=O) (Etrons) = 1.6 kcol/mole (b) HF (v=O) (Etrons) = 6.5kcol/mole The state-to-state reaction rates summarized in Table  III are displayed graphically in the form of triangular contour plots 24 (Fig. 6) . One sees readily that the highest contour of reactivity moves from near the lower left-hand corner <J~ =0. 2, f~ =0.18, f~ =0. 62) at low collision energies [ Fig. 6(a) ] to a more eentrallocation <J~ =0. 22, f~ =0. 41, f~ =0. 37) at intermediate collision energies, and then finally returns to the TR baseline <J~ =0. 0, f~ =0. 35, f ~ =0. 65) at 13.2 kcal/mole collision energy [ Fig. 6 (c) ].
It is also useful to describe the reaction by the fraetional energy disposed into each product mode, as shown in Fig. 7 . At a glance, one notices that at low collision energies (f~lb) and (f;"t) nearly coincide while (f~rllll8) is larger than either. Closer inspection reveals that (f~ib) increases with collision energy to a maximum and then decreases, while (f~rllll8) exhibits a corresponding minimum. The change of (f;"t) with increaSing collision energy is a gradual increase that levels off at the highest energies studied. In previous work, 2 (f~rllll8) was estimated to be too high because the heat of reaction was calculated from an inaccurate value (E lrona > = I. 6 keol/mole (E'lol> =6.6 keol/mole of the BaF bond energy. Nonetheless, the Ba + HF reaction is rather remarkable in that product translation dominates over the other two modes in the disposal of energy.
B. Dependence of reaction cross section on collision energy
The total cross section for the formation of BaF in the crossed beam reaction Ba +HF is determined by5 (8) where F is flux, n is number denSity, AV is the reaction VOlume, and v re1 is the relative reagent velocity. The subscripts indicate the species concerned. We use the relations nHF = F HF / VHF and F BaF = nBaF VBaF, which for this mass combination becomes 
where vc.m. is the center of mass velocity and VHF and VBaF are lab velocities. The expression for (1 in Eq. (9) has been represented as the product of four factors. The first factor nBaF is proportional to the integrated BaF fluorescence intensity; the second factor has been measured (see Fig. 2) ; the third factor is calculated from the known reagent conditions; and the fourth factor is constant since the reaction volume is unchanged for different runs (Mach focusingl' does not appreciably affect AV for our geometry). By evaluating Eq. (9) for different reagent conditions, the relative total cross section has been determined as a function of collision energy (Fig. 8 ).
Although Reaction (1) is exothermiC, the reaction cross section increases with collision energy. reaching a maximum near 6 to 8 kcal/mole. This implies a small activation energy E". The data in Fig. 8 are deconvoluted from the distribution of experimental collision energies, discussed in Appendix B, by assuming a functional form for the dependence of the cross section on translational energy. We choose the model 25 The activation energy Ea may be related to the threshold energy Eo provided the dependence of the total cross section on translational energy is known. 27 For Eq. (10) it follows that (11) which is a generalization of previous results. 27 The presence of a finite activation energy selects the higher energy reagents and therefore makes more average energy available to the products.
No activation energy was included in calculating values
of (E ~ t) in Tab le m. A substantial threshold of -3 kcal/mole would necessarily increase (E~t) for the thermal experiments [ Fig. 6(a) ], making about two more product vibrational levels accessible. Such levels are not observed, and it is therefore likely that the threshold is closer to 1 kcal/mole, consistent with the results for the line of centers model. (13) The present work adds another member to this chemical family and presents an opportunity to investigate how the dynamics vary from one member to another.
For a number of systems have found that excess collision energy above the barrier Il.E tr8DIJ leads to extra translational and rotational energies in the products, i. e. ,
Il.E tr8DIJ -1l.E ~ran. + ll.E:Ut • (14) To test this generalization for Reaction (1), we compare the results under thermal conditions [Figs. 5(a) and 6(a)] to those obtained at the highest collision energy (experiment 8). The extra reagent energy (Il.E tr8DIJ = 11.6 kcal/ mole; Il.E rot =0.5 kcal/mole is distributed among the products as follows: Il.E ~lb = 16%, ll.E~rlll. =48%, and ll.E:Ut '" 36%. Thus it is clear that Eq. (14) is at least qualitatively true. However, since there is a change of behavior near E tr8DIJ =6 to 8 kcal/mole, as shown in Fig. 7 , it is instructive to examine this relation in more detail. In comparing the thermal experiment with experiment 3 we find the additional energy (Il.E tran • =4.9 kcal/mole; Il.E rot =0) is distributed as ll.E'lb=33%
Il.E trans = 33%, and Il.E :ot = 33%. In the higher energy range, a comparison of experiment 4 with experiment 8 shows that the additional energy (Il.E trans =6. 7 kcal/ mole; Il.E rot = 0) is distributed as Il.E ~ib = 1 %, Il.E ~r8DIJ =60%, and ll.E~ot =39%. Therefore, we find that Eq. (14) is obeyed rather poorly in the low energy regime (E trans < 6.5 kcal/mole) where the excess energy appears to be equally distributed among all modes, but is followed almost quantitatively in the high energy regime. This suggests that a transition takes place between two reaction mechanisms in the range 6-8 kcal/mole. Further support for this interpretation is provided by Fig. 8 which shows that the collision cross section reaches a maximum in this region. This may help explain the change in the fractional disposal of energy (Fig. 7) which exhibits extrema in the same energy range.
For Reactions (12) and (13), the product vibrational distributions remain nearly unchanged with increasing collision energy. 10 Almost all the extra reagent energy is channelled into product translation and rotation, in good accord with Eq. (14) . This is in contrast to the Ba +HF reaction which shows a change in behavior near 6 to 8 kcal/mole. We do not understand at this time why Eq. (14) is poorly satisfied at low collision energies for the Ba +HF reaction, but we speculate that it is related to the presence of secondary encounters between the reacting species.
26 These complex trajectories may couple the reagent modes, vibration and translation, causing the disposal of excess energy in the product modes to be more equally partitioned. At higher collision energies, such snarled trajectories may be less important.
B. Relation between product rotation and reaction cross section
Reactions (1), (12), and (13) 
where Hand L represent heavy and light atoms. This class of reactions is kinematically constrained 29 in that the reagent orbital angular momentum L is effectively carried over into product rotation J' :
Here IJ. is the reduced mass of the reagents approaching with a relative velocity Vrel at an impact parameter b. The light atom L (in our case, hydrogen) is unable to carry away much angular momentum as compared to its heavier partner. The validity of Eq. (16) is supported by classical trajectory calculations on a number systems.
10 ,30 When Eq. (16) is obeyed, a measurement of the product rotational distribution (J') at a given colliSion velocity (Vrel) provides information about the range of impact parameters (b) that lead to reaction. From the latter one can place a limit on the total reaction cross section since u ~ 1Tb!u, where b mu is the maximum reactive impact parameter. The equality obtains only if all collisions with b ~ b msrr lead to reaction.
We use the phase space theory of Pechukas and Light 31 , 32 to model our reaction, particularly the product rotational distributions, because this treatment incorporates the conservation of angular momentum. Phase space calculations yield complete product energy distributions on the assumption that every product state is equally probable given the constraints of energy and angular momentum conservation. These calculations allow us to judge the extent to which the experimental product distribution is fit by a statistical model. It also permits a realistic estimate to be made of the product rotational distribution for this mass combination. This estimate will reflect the actual product rotational distribution provided that Eq. (16) holds and that the reactivity as a function of impact parameter (the opacity) is approximately constant for b ~ b max • Using the phase space computer program described by Dagdigian et al. , 33 the average product rotational aRotational level of the reagent molecule (HF) for which calculation has been done. The rotational energy for this level matches approximately with the average rotational energy for the corresponding experiment. byhe average energy going into product rotation. This has been forced to match the experimental result. CAverage energy going into product vibration as calculated [rom theory. dAverage energy going into product Vibration as obtained experimentally (see Table III ).
., energies (E~<>t> were calculated for a number of collision energies but found to be about a factor of 2 higher than the experimental values. This calculation 3
• assumed a cutoff value for the orbital angular momentum Lmu based on an attractive potential of the form C (8) r -8. To circumvent this difficulty, we chose to set Lmu at a value such that the calculated average product rotational energy matches the experimental result. The form of the exit channel was unchanged, although the C (8) potential is not likely to be an appropriate description. However. tests showed that the results of this calculation (Table V) were quite insensitive to the potential in the exit channel. Table V shows that the phase space model does not give an accurate representation of the average energy going into product vibration (E: 1b ), although the variation with collision energy is correct. Moreover, the calculated values of u(v) (not shown) decrease monotonically with increasing v at all collision energies, which is at variance with the experimental results (see Fig. 5 ). However, the calculated average energies in product rotation for each vibrational level agree remarkably well with the experimental values (Fig. 9) . Indeed, the shape of the experimental and theoretical curves coincide within the uncertainty in the experimental data. Actually the analYSis of the experimental data may overestimate the population in high J' values because the use of Eq. (7) does not take into account angular momentum conservation. This should have less of an effect on the average rotational energy in a vibrational level. The close agreement in Fig. 9 does not necessarily indicate that the Ba +HF reaction proceeds through a long-lived complex yielding a statistical outcome; instead, the agreement reflects the validity of Eq. (16) The values of 1Tb~x given in Table V are upper bounds to the reaction cross section. Notice however that 1Tb!ax decreases with increasing collision energy, in contradiction to the experimental data (Fig. 8) . This discrepancy implies that at least at low colliSion energies not all collisions with b ~bmf!% are reactive. We intro-duce a steric factor p '= o/lTb!ax, which increases with collision energy. If the steric factor reaches unity at high collision energies, then the value of the cross section for Reaction (1) is estimated to be about 15 A 2 at (E trans ) =13.2 kcal/mole. This value is then an upper bound to the reaction cross section.
Siegel and Schultz
10 have carried out classical trajectory calculations on Reaction (12) using a number of different potential energy surfaces. In all cases they find Eq. (16) to hold and, moreover, that the reaction probability is unity for b ~ b max , i. e., p = 1. Our results on Reaction (1) also are consistent with Eq. (16) but show that P is not always unity as discussed above.
Three factors may contribute to this difference: (a) Reaction (1) has a higher barrier than Reaction (12); (b) Reaction (1) is a less extreme example of the mass combination (15) than Reaction (12); and (c) the trajectory calculations of Schultz and Siegel neglected the zero point vibrational motion and hence the vibrational phase of the HCI molecule.
C. Nature of the Ba + HF potential energy surface
The present study provides a wealth of information on the Ba +HF reaction system. Ideally, one wishes to compare these results to the prediction of dynamical calculations based on reliable potential energy surfaces. Unfortunately, the construction of such surfaces involving heavy atoms is presently in a developmental state. We content ourselves here to a discussion of general features of the Ba +HF surface that can be inferred from available data.
This reaction system has the curious property that its reaction exothermicity of 4.4 ± 1. 6 kcal/mole is caused entirely by the large change in zero point energy C(O) in going from HF [C(O) =5.85 kcal/mole] to BaF [C(O) =0.67 kcal/mole]. Thus the electronic surface from bottom of the entrance well to the bottom of the exit well may even be slightly endothermic by 0.8 ± 1. 6 kcal/ mole. Although an early barrier is thought to be a general characteristic of exothermic reactions, 35 for Ba +HF the barrier is not so constrained since the surface is nearly thermoneutral. The variation of zero pOint energy along the minimum energy path will be important in determining the location of the barrier. The present data indicates that the barrier height must be on the order of 1 kcal/mole for this reaction. Because the fraction of total energy that appears in product vibration is unusually small, it appears that the energy release is extremely repulsive. 2 ,38 The lack of "mixed" energy release which is ordinarily favored by this mass combination, 35 suggests a later barrier than is common for exothermic reactions.
The nature of the entrance channel is determined in part by the maximum value of L that contributes to reaction (Table V) Because of the switch of predominantly covalent bonding in HF to ionic bonding in BaF, the LEPS-type potential may be inadequate in describing this reaction. 38 The alkaline earth atoms have divalent character and one expects that HBaF will be strongly bound with respect to any of its diatomiC constituents. It is unclear whether any reactive encounters sample this region of the potential energy surface but bent configurations may be important, as suggested by studies 18 of the Sr + HF reaction using oriented HF molecules.
The present studies are indicative of the detailed dynamical data that now can be obtained in favorable cases using laser induced fluorescence as a product detector. The results provide stringent tests for the construction of accurate reactive scattering surfaces, which are underway in several laboratories.
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We thank R. C. Estler and W. H. Breckenridge for the computer simulation program used in analyzing excitation spectra. We are also grateful to P. (3)]. For the time of flight measurements, the HF beam is chopped by a two slit wheel (slit width, 1. 0 mm; radius, 5.4 cm). A typical chopping frequency is 240 Hz. Fluorescence excited in BaF from the reaction of the chopped HF beam with Ba is used as the detection system. The barium metal oven is placed at a greater distance downstream than is the case in the main experiment. The path traversed by the HF beam from the chopping wheel to the interaction region is 15.7 cm. Time of flight velocity analysis using laser induced fluorescence detection has been reported previously by Pasternak and Dagdigian. 37 Our method is similar except that the fluorescence is excited in the BaF product after reaction with Ba. The slits are positioned on opposite sides of the chopper wheel so that a lamp photodiode combination provides a synchronizing pulse when the HF beam passes through the other slit. After frequency division to about 12 Hz, these pulses are fed into a scan delay generator (Keithley) which provides the trigger pulse for the laser. Fluorescence is exCited using the (2, 2) band of the BaF C-X transition. By scanning the delay between the laser trigger and the synchronization pulse, the time of flight spectrum is obtained. Figure 10 shows some sample spectra.
The method used to analyze these spectra is described elsewhere. 3 8,39 A two parameter velocity distribution is assumed:
The parameters Vs and as are related to the Mach number by the expression:
Here Y is the mean specific heat ratio. To obtain simulated time of flight spectra, Eq. (A1) was transformed into time space 38 and convoluted numerically with the detection system time constant and the chopper wheel gate function. 39 The time constant of the detection system is 20 p.sec and is primarily due to the net rate of removal of BaF from the volume probed by the laser. See for example Fig. 5 The spread in ;m: arises primarily from the fact that the apparatus time resolution accounted for a large fraction of the width of the measured time of flight spectra. Anderson and Fenn41 have developed an empirical relation which predicts for the conditions used here Mach numbers in the range 6 ± 1. These are on the average higher than those obtained from our time of flight spectra but are within the scatter of the experimental data.
APPENDIX B: DISTRIBUTION OF COLLISION ENERGIES IN CROSSED MOLECULAR BEAM SCATTERING
To obtain a distribution of collision velocities and hence collision energies in a crossed molecular beam experiment, one must take into account the spread of (lab) velocities in each beam and the spread of angles (in the lab frame) at which the molecules collide. This problem was first solved by Datz, Taylor, and Herschbach 42 for the case of thermal beams. We generalize their results using the same notation.
We assume that the velocity distribution in each beam has the form of Eq. (A1), i. e., 
where Y is the angle at which the two beams intersect. The probability distribution for a collision velocity vrel at an angle Y is given by25,38,f2,43 is the Jacobian of the transformation. In Eq. (B4), P(v)/v represents the number density and the integration is over all possible angles 1/J of the relative velocity vector with respect to VI' Substitution of (B1), (B2) collision energy. At high collision energies the spread is primarily due to the assumed value of the Mach number ~ =6).
